We examined the short-term metabolic processes of arsenate for 24 h in a freshwater unicellular green alga, Chlamydomonas reinhardtii wild-type strain CC-125. The arsenic species in the algal extracts were identified by high-performance liquid chromatography/inductively coupled plasma mass spectrometry after water extraction using a sonicator. Speciation analyses of arsenic showed that the levels of arsenite, arsenate, and methylarsonic acid in the cells rapidly increased for 30 min to 1 h, and those of dimethylarsinic acid and oxoarsenosugar-glycerol also tended to increase continuously for 24 h, while that of oxo-arsenosugar-phosphate was quite low and fluctuated throughout the experiment. These results indicate that this alga can rapidly biotransform arsenate into oxo-arsenosugar-glycerol for at least 10 min and then oxo-arsenosugar-phosphate through both reduction of incorporated arsenate to arsenite and methylation of arsenite and/or arsenate retained in the cells to dimethylarsinic acid via methylarsonic acid as an possible intermediate.
cules. 1) Arsenosugars within dead algae are most likely biotransformed by microbial activity into arsenobetaine (a major As compound in marine animals) via arsenocholine, 2) but the transformation process from arsenosugars to arsenocholine has not yet been demonstrated.
3) More than 15 types of arsenosugars have been isolated and characterized in the marine environment. 4) The most common types, the oxo-arsenosugars, contain a chemically active dimethylarsinoyl group [(CH 3 ) 2 AsO-] at the C5 position of D-ribose derivatives. Consequently, oxo-arsenosugars are of physiological importance.
1) The structures of major oxoarsenosugars with a dimethylarsinoyl group in their molecules are shown in Fig. 1 . Oxo-arsenosugarglycerol (Oxo-Gly) and oxo-arsenosugar-phosphate (Oxo-PO 4 ) can occur in almost all marine macroalgae at various concentrations, and they compose the majority of arsenosugars, especially in Chlorophyta (green algae) and Rhodophyta (red algae).
1) Small amounts of Oxo-Gly and Oxo-PO 4 have also been found in freshwater green algae from Meager Creek hot springs in British Columbia, Canada, 5) and in the freshwater green macroalga Cladophora glomerata (Cladophorales) in the Hayakawa River, Mt. Hakone, Japan. 6) Oxo-Gly occurs at various concentrations in the growing tips of the marine brown macroalga Fucus gardneri (Fucales) and other thallus parts. Within this species, there are seasonal changes in concentration, 7) implying that Oxo-Gly has physiological roles. Since a representative lipid-soluble As compound, phosphatidyldimethylarsinylribose (phosphatidylarsenosugar, first identified in a marine brown macroalga Undaria pinnatifida, Laminariales), 8) contains Oxo-Gly and Oxo-PO 4 in its basic structure, these oxo-arsenosugars are assumed to be precursors of ribose-containing lipid-soluble As compounds. 1) Oxo-arsenosugar-sulfonate (Oxo-SO 3 ) has also been identified in phaeophyceans (brown algae), 1) including Ecklonia radiata (Laminariales). 9) Oxo-arsenosugar-sulfate (Oxo-SO 4 ) has been found only in the Rhodophyta and Phaeophyceae, 1) including fucaleans in the Family Sargassaceae, e.g., Hizikia fusiforme (Hijiki) 10) and Sargassum spp., 1) and in the marine y To whom correspondence should be addressed. Fax: +81-42-676-6722; E-mail: s037104@toyaku.ac.jp Abbreviations: AB, arsenobetaine; AC, arsenocholine; As(III), arsenite; As(V), arsenate; CRM, certified reference material; DMA(III), dimethylarsinous acid; DMA(V), dimethylarsinic acid; DRC, dynamic reaction cell; EC50, 50% effective concentration; HPLC, high-performance liquid chromatography; ICP-MS, inductively coupled plasma mass spectrometry; LOQ, limit of quantitation; MA(III), methylarsonous acid; MA(V), methylarsonic acid; m=z, mass-to-charge ratio; Oxo-Gly, oxo-arsenosugar-glycerol; Oxo-PO 4 , oxo-arsenosugar-phosphate; Oxo-SO 3 , oxoarsenosugar-sulfonate; Oxo-SO 4 , oxo-arsenosugar-sulfate; RP, reversed-phase; SAM, S-adenosyl-L-methionine; SAX, strong anion-exchange; S/N, signal-to-noise ratio; TAP, Tris-acetate-phosphate; Thio-DMA(V), thio-dimethylarsinic acid; TMA, tetramethylarsonium; TMAO, trimethylarsine oxide planktonic algae (diatoms) Chaetoceros concavicornis 11) and Skeletonema costatum. 12) There are a variety of microbes in aquatic environments, including bacteria, fungi, microalgae, and small crustaceans adhering to the surfaces of macroalgae or living in symbiosis with them. Complete separation of microbes from macroalgae is difficult, but is nevertheless required in analytical samples for As speciation analysis. Thus, some As compounds from contaminating microbes may have been included among those from macroalgae. Indeed, several studies have reported arsenosugars in phaeophycean Fucus spp., which are associated with microbes. 13, 14) To determine experimentally whether microalgae have arsenosugar production mechanisms similar to those of macroalgae, it is necessary to develop a better understanding of microalgal roles in an As circulation through food chains in aquatic environments. Nevertheless, in relation to those on macroalgae, 1) there are only a limited number of reports dealing with As in aquatic microalgae. 5, 15) There are also few reports on (i) short-term experiments (within 24 h) analyzing As metabolites after experimental exposure to inorganic As compounds, or (ii) observations on arsenosugar production in microalgae grown in pure culture. In contrast, there have been many long-term experiments, over several days to 2 weeks. 11, 12, 16) The freshwater unicellular green alga Chlamydomonas reinhardtii is one of the best-characterized photosynthetic organisms. It has long been used as a model for studying various aspects of cell biology. It has a number of methodological advantages as a model organism, including simple handling, short generation time, and straightforward genetics. We have reported that C. reinhardtii Dangeard CC-125 (wild-type mt þ ) exposed to a low concentration of arsenate biotransforms into oxo-arsenosugars part of the arsenate taken up by the cells, 6) although the detailed metabolic processes of short duration were unclear. Here we describe in detail the short-term metabolic processes of arsenate incorporation into oxo-arsenosugars in C. reinhardtii CC-125 cells.
Materials and Methods

Materials. Milli-Q water (18.2 M cm
À1 , Simpli Lab-UV; Nihon Millipore, Tokyo) was used throughout unless otherwise stated. The following commercial products were purchased from Kanto Chemical (Tokyo): acetone (for spectral analysis), ammonium dihydrogen phosphate (special grade), aqueous ammonia (special grade), hydrogen peroxide (H 2 O 2 , 30.0-32.0%, ultrapure grade), methanol (MeOH, special grade), and nitric acid (HNO 3 , 60.0-62.0%, ultrapure grade). Sodium 1-butanesulfonate and tetramethylammonium hydroxide pentahydrate (for ion-pair chromatography) were from Tokyo Chemical Industry (Tokyo). Malonic acid (special grade) was from Wako Pure Chemical Industries (Osaka, Japan). Special-grade reagents for culture medium were from Kanto Chemical, except for boric acid (special grade; Kishida Chemical, Osaka, Japan) and Tris (ultrapure grade; MP Biomedicals, Solon, OH). PlasmaCAL single-element standard solutions of 1,000 mg mL À1 As and zirconium (Zr) were from SCP Science (Montreal, Canada). Stock solutions containing 1,000 mg As mL À1 each of the following As species were prepared in water: arsenite [As(III)] from sodium arsenite, NaAsO Algal culture. All media and glassware for culturing were autoclaved at 121 C for 20 min before use. Algal cells were grown mixotrophically with shaking at 120 rpm in 500-mL Erlenmeyer flasks containing 300 mL of a Tris-acetate-phosphate (TAP) culture medium 19) under constant fluorescent lamp illumination (70 mmol photons m À2 s À1 ) at 27 C. Cell growth was followed by turbidity measurement via absorbance monitoring at 730 nm (A 730 ) with a spectrophotometer (U-2800; Hitachi High Technologies, Tokyo). Cells were grown to mid-logarithmic phase (A 730 ¼ 0:5, cell count of 5 Â 10 6 cells mL À1 ), and preculture cell suspensions were diluted with fresh medium, thus adjusting the cell counts to 3 Â 10 6 cells mL À1 in 500-mL Erlenmeyer flasks. After 30 min of incubation, the cell cultures were used in further experiments.
As toxicity test. An As toxicity test based on turbidity and chlorophyll (Chl) measurements was performed to determine an appropriate As(V) concentration for algal cell exposure, because excessive As(V) levels can disrupt the process by which As(V) is metabolized to oxo-arsenosugars. A filter-sterilized 100 mM As(V) solution was added to each 500-mL Erlenmeyer flask at a final concentration of 0, 0.1, 0.5, 1, or 5 mM in a 300-mL cell suspension. After 10, 20, and 30 min, and thereafter at 1, 3, 6, 12, 18, and 24 h, 1-mL and 2-mL aliquots of the various cell suspensions were collected in different 2-mL polypropylene sampling tubes (BM Equipment, Tokyo). The 1-mL cell suspensions collected were used to measure turbidity through monitoring of A 730 . The 2-mL cell suspensions collected were used for Chl measurements according to a previously described method. 20) Cells were harvested by centrifugation at 16;000 g for 15 min at 4 C, and 1 mL of 90% v/v acetone solution was added to the tubes for Chl extraction. The tubes were vortexed to ensure uniform mixing solutions and incubated in the dark for 5 min at ambient temperature. After centrifugation at 16;000 g for 7 min at 4 C, the absorbance of supernatants was measured at 647, 664, and 750 nm to calculate Chl a and b contents. The cell growth rate at each As(V) concentration was determined by comparing the A 730 values of the treated and nontreated (control) samples after 24 h of incubation and plotted in a dose-response curve. The effective concentration of As(V) causing 50% inhibition of growth (EC50) was obtained from this dose-response curve.
As(V) uptake. The uptake of As(V) by the algal cells was observed after exposure to As(V) at the concentration selected by the As toxicity test. A filter-sterilized 100 mM As(V) solution was added to 300 mL of cell suspension in each 500-mL Erlenmeyer flask at the selected concentration. Cell suspensions (15 mL) were collected into different 15-mL polypropylene centrifuge tubes (Iwaki, Asahi Glass, Tokyo) at appropriate intervals, and cells were harvested by centrifugation at 1;700 g for 15 min at 4 C, then rinsed with 10 mL of As-free medium 3 times and once in 10 mL of water. The cells in each tube were transferred to Teflon vessels (DAP-100 þ ; Berghof, Eningen, Germany), and 0.5 mL of HNO 3 was added to each vessel. The suspensions were predigested overnight at ambient temperature, with the vessels closed, after which 2 mL of H 2 O 2 and 2 mL of water were added to each vessel. Complete solubilization of the suspensions was performed in a closed-vessel microwave digestion system (speedwave MWS-3 þ , Berghof) using the following two-step heating program: First the samples were heated for 5 min to 145 C and were kept at that temperature for 10 min. They were heated for 5 min to 180 C and kept at that temperature for 15 min at 180 C. Finally, they were cooled for 1 min to 100 C and kept at that temperature for 10 min. The resulting solubilized solutions were transferred to new 15-mL polypropylene centrifuge tubes, and 0.1 mL of 1 mg mL À1 Zr solution was added to each tube as a single internal standard element. The solutions were made up to volumes of about 10 mL with water, adjusting the final HNO 3 concentrations to approximately 5% v/v, followed by direct analysis through inductively coupled plasma mass spectrometry (ICP-MS).
As speciation. Biotransformation of incorporated As(V) in the algal cells exposed to As(V) at the selected concentration was confirmed by As speciation analysis using a combined ICP-MS and highperformance liquid chromatography (HPLC) system (HPLC/ICP-MS) after the following extraction procedures for water-soluble As metabolites: A filter-sterilized 100 mM As(V) solution was added into 300 mL of cell suspension in each 500-mL Erlenmeyer flask at the selected concentration. Cell suspensions (15 mL) were collected into different 15-mL polypropylene centrifuge tubes at appropriate intervals, and the cells were harvested by centrifugation at 1;700 g for 15 min at 4 C and rinsed with 10 mL of As-free medium 3 times and in 10 mL of water once. The cells in each tube were freeze-dried in a freeze dryer (FD-5N; Eyela, Tokyo) equipped with trap (UT-50, Eyela) and a vacuum pump (GLD-100; Ulvac, Kanagawa, Japan), and suspended in 1 mL of water. Each suspension was then homogenized 6 times on ice with a sonicator (Branson Sonifier 250D; Emerson Japan, Kanagawa, Japan) for 30 s at a power level of 50 W; there was a cooling interval of 60 s between each sonication. Almost complete disruption of the cells after this procedure was confirmed by light microscopy. The homogenates were subsequently centrifuged at 1;700 g for 15 min at 4 C, and the supernatants were transferred to separate 1.5-mL sampling tubes (BIO-BIK; InaÁOptika, Osaka, Japan) in which the supernatants were further centrifuged at 5;200 g to precipitate the remaining insoluble material. From these tubes, approximately 0.5 mL of each supernatant was filtered through a 0.45-mm membrane filter (GL Chromatodisc 13P; GL Sciences, Tokyo) and placed in a 0.6-mL polyethylene vial (GL Sciences) for analysis. Speciation analysis of water-soluble As compounds in the extracts was done using an HPLC/ICP-MS system.
To determine the extraction efficiencies of water-soluble As metabolites from algal cells, aliquots from the extracts were aciddigested with a heating block (HF200; Yamato Scientific, Tokyo). The extracts (0.5 mL) and HNO 3 (0.5 mL) were transferred to 15-mL polypropylene centrifuge tubes, and the tubes were left for 10 min at ambient temperature for predigestion. They were mounted on a heating block, heated to 80 C, and left at this temperature for 10 min. They were heated again to 110
C and left at this temperature for 30 min. They were removed once, and the samples were cooled to ambient temperature, and then 2 mL of H 2 O 2 was added to each sample. Subsequently, the tubes were mounted again on a heating block and heated at 110 C for 30 min. After acid digestion, the samples were cooled to ambient temperature and 0.1 mL of 1 mg mL À1 Zr solution was added to each tube as a single internal standard element. Sample volumes were adjusted with water to about 10 mL, making final HNO 3 concentrations of about 5% v/v. The samples were subjected to total As analysis using ICP-MS by the internal standard method. The extraction efficiencies of the water-soluble As metabolites were determined by comparing the total As contents in the extracts and in the cells.
A spiking experiment was done to determine whether structural changes in As compounds occurred during the extraction procedures. For this experiment, Oxo-PO 4 and Oxo-SO 3 (more than 100 ng of As mL À1 of each compound) were isolated from specimens of brown seaweeds F. spiralis, L. digitata, L. saccharina, and P. caniculata following previously reported procedures.
21) The compounds were identified on the basis of a comparison of the HPLC/ICP-MS spectra with those of four major oxo-arsenosugars (Oxo-Gly, Oxo-PO 4 , Oxo-SO 3 , and Oxo-SO 4 ) in a purified extract of F. serratus.
18) Freeze-dried, As-free algal cells were prepared from 15 mL of mid-logarithmic-phase cultures. One mL of each As compound solution (10 or 1,000 ng As mL À1 ) was added to each 15-mL polypropylene centrifuge tube with and without the cells. The samples were sonicated following the extraction procedures described above. The tubes were then centrifuged at 1;870 g for 15 min at 4 C. The supernatants were filtered through 0.45-mm membrane filters and transferred into 0.6-mL polyethylene vials. Speciation analysis of the As compounds in the filtrates was done immediately following extraction. The recovery rates for the As compounds were determined by comparing particular concentration values of the sonicated and the non-sonicated sample (control).
Analytical methods. Total As measurements of algal cells were performed with an ICP-MS (ELAN DRC-e; PerkinElmer SCIEX, Concord, Canada) equipped with a concentric nebulizer and a cyclonic spray chamber (Glass Expansion, West Melbourne, Australia). The ICP-MS instrument is able to detect As specifically in sample solutions, but high levels of chlorine (Cl) can interfere with As due to the formation of the argon chloride ion ( . We used an external calibration method with internal standardization within a concentration range of 1 to 1,000 ng As mL À1 for quantification of As. The analytical conditions for ICP-MS analysis are shown in Table 1 .
We determined the speciation of water-soluble As compounds in the algal extracts by HPLC/ICP-MS. The HPLC system for separation of As compounds comprised a carrier reservoir (CR670) and a metalfree binary pump (PU611; GL Sciences) and was connected to a column oven (CO631; GL Sciences) and an autosampler (Midas; Spark Holland, Emmen, Netherlands) with a 100-mL injection loop using polyetheretherketone (PEEK) tubing (1/16 outer diameter Â 0.25 mm inner diameter; GL Sciences). The vial tray temperature in the autosampler was set at 4 C to avoid oxidation state changes. A six-port injection valve in the autosampler was connected by PEEK tubing (1/16 o.d. Â 0:13 mm i.d.; GL Sciences) to an inlet of a separation column. A reversed-phase (RP) or a strong anion-exchange (SAX) HPLC column was used to separate As compounds. For RP-HPLC analysis, 6) separation was performed at 40 C using a Shiseido CAPCELL PAK C 18 MGII column (4.6 mm i.d. Â 250 mm, 5 mm particle size; Shiseido, Tokyo). The mobile phase was a mixture of ion-pair reagents, 10 mM sodium 1-butanesulfonate and 4 mM tetramethylammonium hydroxide, 4 mM malonic acid, and 0.05% MeOH (pH 3.0, adjusted with HNO 3 ); the flow rate was 1.0 mL min À1 , and the injection volume was 20 mL. For SAX-HPLC analysis, 22) separation was performed at 40 C through a Hamilton PRP-X100 column (4.1 mm i.d. Â 150 mm, 10 mm particle size; Hamilton, Reno, NV) with a mobile phase of 20 mM ammonium dihydrogen phosphate buffer (pH 6.0, adjusted with aqueous ammonia), run isocratically at 1.5 mL min À1 . The injection volume was 50 mL. The outlet of the separation column was coupled directly by PEEK tubing (1/16 o.d. Â 0:13 mm i.d., GL Sciences) to the inlet of an ICP-MS concentric nebulizer. As was monitored at m=z of 91 ( 91 AsO þ ) by ICP-MS operated in DRC mode. To evaluate column recovery, the sum of As species contents was compared with total As contents in the extracts determined after acid digestion. Data analysis of HPLC/ICP-MS output was performed with TotalChrom Workstation version 6.2.0 chromatographic software package (PerkinElmer SCIEX). To identify As compounds in the extracts, we compared chromatographic peaks with the retention times of eight standard As compounds As(III), As(V), MA(V), DMA(V), TMAO, AC, AB, and TMA. A purified extract of F. serratus containing Oxo-Gly, Oxo-PO 4 , Oxo-SO 3 , and Oxo-SO 4 was used to identify these oxo-arsenosugars. To quantify As compounds in the extracts, external calibration curves of peak area versus concentration were employed in a range of 1 to 100 ng As mL
À1
for each standard As compound. A calibration curve for DMA(V) was also used to quantify oxo-arsenosugars. An unidentified As compound in the extracts was not quantified in this study. HPLC/ICP-MS chromatograms for the standard As compounds and the F. serratus extract are shown in Fig. 2 À1 , 32% RSD, n ¼ 3). The measured concentrations of total As, DMA(V), and AB agreed satisfactorily with certified values for the CRMs.
Results and Discussion
As toxicity test To determine the As(V) concentrations to which algal cells were exposed, we measured culture turbidity (A 730 ) and cell Chl contents at various As(V) exposure concentrations, ranging from 0.1 to 5 mM. Cell growth was altered depending on the As(V) concentration. Cell growth curves are shown in Fig. 3 . At the onset, cell growth was depressed by 0.1-5 mM As(V) in the medium after 30 min (Fig. 3a, c) . Subsequently, growth of cells was weakly suppressed by 0.1 mM As(V) through 24 h (Fig. 3b, d ), while it was strongly depressed, by 0.5-5 mM As(V), through 24 h (Fig. 3b, d ) Separation of As compounds was performed by both (a) the RP-HPLC and (b) the SAX-HPLC method, and the concentrations of As species were determined by HPLC/ICP-MS, as described in ''Materials and Methods.'' The following As species are indicated by numbers: (1) As(V); (2) As(III); (3) MA(V); (4) DMA(V); (5) AB; (6) TMAO; (7) TMA; (8) AC; (9) Oxo-SO 3 ; (10) Oxo-PO 4 ; (11) Oxo-SO 4 ; (12) Oxo-Gly. In the RP-HPLC method, a standard mixture of eight As compounds in water and four oxo-arsenosugars in an extract from F. serratus were separated with a Shiseido CAPCELL PAK C 18 MGII column within 10 min with co-elution of DMA(V) versus Oxo-SO 3 . LOQs estimated from 10 times the S/N ratio were 1.4 mg As L À1 for As(III); 0.96 mg As L À1 for As(V) and MA(V); 1.1-1.2 mg As L À1 for DMA(V) and AB; and 1.9-2.0 mg As L À1 for TMAO, AC, and TMA. In the SAX-HPLC method, the standard As mixture and oxo-arsenosugars were separated with a Hamilton PRP-X100 column within 11 min with co-elution of As(III) versus Oxo-Gly. LOQs estimated from 10 times the S/N ratio were 2.2 mg As L À1 for As(III); 5.1 mg As L À1 for As(V); and 2.9 mg As L À1 for MA(V) and DMA(V).
and the Chl contents were close to zero after 12 h (Fig. 3d) , indicating that the cells were unable to grow in the presence of !0:5 mM As(V) after 12 h. The calculated EC50 value of As(V) was 0.3 mM. Our results for the As toxicity test confirm those of an earlier study by Kobayashi et al., who performed a similar test using the CC-125 algal strain and reported that the growth and photosynthetic O 2 evolution of the cells were almost completely suppressed by 0.5 mM As(V) within 30 min. 23) Accordingly, we chose an As(V) concentration of 0.1 mM as the main exposure concentration for subsequent experiments.
As(V) uptake
The time courses of intracellular As contents after the addition of 0.1 mM As(V) to the culture medium indicate that As(V) was indeed taken up by the algal cells (Fig. 4) . The level of accumulated As increased for 1 h to reach a maximum level, and then gradually decreased through 24 h. Since an As toxicity test indicated weakly inhibited growth of cells throughout incubation with 0.1 mM As(V), the algae appeared to be reducing their intracellular As contents to control the effect of As on growth. Under As(V) exposure concentrations of 0.5-5 mM, the level of accumulated As increased for 10-30 min and then decreased through 3 h (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). Intracellular As content is generally determined by the difference between the rate of As(V) uptake into the cells and the rate of As excretion from the algae into the medium, but As excretion was not measured in this study.
Extraction efficiency of As
To analyze As speciation, water-soluble As metabolites were extracted in water and with sonication from algal cells exposed to 0.1 mM As(V) for periods ranging from 10 min to 24 h. Extraction efficiency was generally around 100% (mean AE SD, 120 AE 11%) of total As, suggesting that the extracts contained almost all the As compounds present in the cells.
Structural changes in As during extraction
To confirm structural changes in water-soluble As compounds during the sonication procedures, we per- '' Data are means AE SD for three independent experiments. Cell growth rates (% of control) at various As(V) concentrations, calculated by comparing the A 730 values of the control and As(V)-exposed cell cultures after 6 or 24 h, were 88% at 0.1 mM, 64% at 0.5 mM, 60% at 1 mM, and 59% at 5 mM after 6 h; 83% at 0.1 mM, 13% at 0.5 mM, 7.8% at 1 mM, and 7.6% at 5 mM after 24 h. formed spiking experiments in triplicate with eight standard As compounds, Thio-DMA(V), and three oxoarsenosugars (Oxo-Gly, Oxo-PO 4 , and Oxo-SO 3 ) at concentrations of 10 or 1,000 mg As L À1 using a RP-HPLC column for As speciation analysis. When each As compound was spiked at a concentration of 10 mg As L À1 , the recovery of As compounds from the As-spiked aqueous solution was between 36% for Thio-DMA(V) and 96% for As(V) (mean 83%). Recovery from As-spiked cell suspensions was between 74% for Oxo-PO 4 and 100% for Oxo-Gly (mean 89%) (Fig. 5a ). When As compounds other than Oxo-PO 4 and Oxo-SO 3 were spiked at a concentration of 1,000 mg As L À1 , the recovery of the As compounds from the As-spiked aqueous solution was between 74% for As(III) and 98% for MA(V) (mean 90%). Recoveries from the As-spiked cell suspensions were between 78% for Thio-DMA(V) and 99% for DMA(V) (mean 89%) (Fig. 5b) . Recoveries were more markedly altered at a spiked As concentration of 10 mg As L À1 than at a concentration of 1,000 mg As L À1 . Low recoveries obtained from some As species, including As(III), Thio-DMA(V), and Oxo-PO 4 demonstrate that structural alterations took place during the sonication procedures (assuming that the column recoveries of the As compounds were equivalent). Spiked As(III) was partly oxidized to As(V), indicating that As(III) can be oxidized during the sonication procedures. Spiked Thio-DMA(V) was partially oxidized to DMA(V), indicating that the sulfur (S) atom forming a double bond with an As atom can easily be replaced by an O atom during sonication procedures. The percentages of As(III) and Thio-DMA(V) oxidized via sonication in the As-spiked cell suspensions were lower than in the As-spiked aqueous solution, indicating that cell components can to some extent suppress the oxidation of As(III) and Thio-DMA(V) during sonication procedures. Spiked Oxo-PO 4 was partly degraded at low rates to DMA(V), and often to Oxo-Gly. Arsenosugars are highly unstable forms among the As compounds found in marine organisms. Oxo-PO 4 in solution can be hydrolyzed to Oxo-Gly by degrees even under freezing conditions. 1) However, when we spiked cell suspensions with Oxo-PO 4 , Oxo-Gly was barely detectable. Thus our sonication procedures induced few structural changes in water-soluble As compounds. Nevertheless, both oxidation of As(III) and Thio-DMA(V) and degradation of Oxo-PO 4 should be taken into account in considering the original forms of As metabolites in As(V)-exposed C. reinhardtii CC-125 cells.
Biotransformation of As(V) into oxo-arsenosugars
We used both RP-HPLC and SAX-HPLC to separate the As compounds in the extracts. Eight standard As compounds, As(III), As(V), MA(V), DMA(V), TMAO, AC, AB, and TMA, and four oxo-arsenosugars, OxoGly, Oxo-PO 4 , Oxo-SO 3 , and Oxo-SO 4 , were used to determine the retention times of As compounds in the samples. In the RP-HPLC method, 6) mixed As standards in water were separated with a Shiseido CAPCELL PAK C 18 MGII column to give clear, sharp peaks (Fig. 2a) . In addition, four oxo-arsenosugars in the F. serratus extract separated well in the same column, but the retention times of DMA(V) and Oxo-SO 3 were closely similar, resulting in the co-elution of these compounds. The MGII column was used for both identification and quantification of the various As species. Recovery from the MGII column of water-soluble As compounds in extracts of C. reinhardtii CC-125 cells exposed to 0.1 mM As(V) for 10 min to 24 h was 63-86% (mean 75%). One reason recovery was not close to 100% is that unidentified species were not accounted for in quantitative analyses of water-soluble As compounds. In the SAX-HPLC method, 22) mixed As standards, As(III), As(V), MA(V), and DMA(V), in water were separated with a Hamilton PRP-X100 column (Fig. 2b) . Moreover, four oxo-arsenosugars in the F. serratus extract were also separated from one another by the same column. However, our preliminary analyses under the same HPLC conditions (pH 6.0) as for other As compounds relevant to this study indicated that AC and TMA were co-eluted around the void volume. One explanation for this is that AC and TMA might have been in cation form. Shortly thereafter, As(III), TMAO, AB, and Oxo-Gly were co-eluted, probably because they were in cationic or neutral forms. In view of these findings, faster-eluting cationic ions, TMAO, AC, and TMA, and neutral ions, As(III), AB, and Oxo-Gly, cannot be correctly quantified by this SAX-HPLC Each As species was spiked at concentrations of (a) 10, and/or (b) 1,000 mg As L À1 as described in ''Materials and Methods.'' Data are means AE SD for three independent experiments. Key: As(III), arsenite; As(V), arsenate; MA(V), methylarsonic acid; DMA(V), dimethylarsinic acid; Thio-DMA(V), thio-dimethylarsinic acid; TMAO, trimethylarsine oxide; AC, arsenocholine; AB, arsenobetaine; TMA, tetramethylarsonium; Oxo-Gly, oxo-arsenosugarglycerol; Oxo-PO 4 , oxo-arsenosugar-phosphate; Oxo-SO 3 , oxoarsenosugar-sulfonate. method because of overlapping peak areas. Accordingly, we applied the SAX-HPLC method by using the PRP-X100 column only for the identification of anionic ions such as As(V), MA(V), DMA(V), Oxo-PO 4 , Oxo-SO 3 , and Oxo-SO 4 . These analyses corroborated the qualitative data obtained by the RP-HPLC method. The LOQ of each As compound was calculated at a signal-to-noise ratio (S/N) of 10.
We investigated the biotransformation of intracellular As species in C. reinhardtii CC-125 cells during incubation with 0.1 mM As(V) for 24 h. Representative HPLC/ICP-MS chromatograms are shown in Fig. 6 . Speciation of As in the algal extracts by HPLC/ICP-MS indicated that the predominant chemical form accumulating in cells was As(III) after 10 min, 1 h, and 6 h, followed by As(V). In addition, relatively small amounts of MA(V), DMA(V), and Oxo-Gly were detected. OxoGly was the primary As compound detected after 24 h, followed by DMA(V). In addition, As(III), As(V), and an unknown As compound (U1), which was found after 6 h and eluted about 670 s after Oxo-Gly in RP-HPLC (Fig. 6a) , and, probably, 490 s between Oxo-SO 3 and Oxo-SO 4 in SAX-HPLC (Fig. 6b) (judging from the changes in the peak areas for the HPLC methods), were also detected. U1 remains unidentified and unquantified. Small percentages of accumulated As were found in forms MA(V) and Oxo-PO 4 after 24 h. Spiking experiments with As compounds used to examine structural changes during the sonication procedures indicated that the As(V) in the extracts might have included oxidized As(III). In addition, DMA(V) in the extracts might have contained degraded Thio-DMA(V) and/or Oxo-PO 4 , although our previous study analyzing water-soluble As metabolites extracted from As(V)-exposed algal cells (using water as the solvent, with sonication by ultrasonic bath) indicated that Thio-DMA(V) was absent.
6) The Oxo-Gly and Oxo-PO 4 present in extracts might have been partially derived from degradation of ribosecontaining, lipid-soluble As compounds (e.g., phosphatidylarsenosugar) because Oxo-Gly and Oxo-PO 4 might be their precursors.
1) The changes in the As species over time during algal growth are depicted in Fig. 7 . The levels of As(III) and As(V) increased rapidly for 1 h (Fig. 7a) . Subsequently, the level of As(III) decreased gradually through 24 h, whereas that of As(V) rapidly decreased through 3 h, then decreased gradually (Fig. 7b) . The levels of DMA(V) and Oxo-Gly increased almost linearly with time through 24 h (Fig. 7b) . The levels of MA(V) and Oxo-PO 4 were quite low during incubation, but the level of MA(V) rapidly increased for 30 min, and then gradually decreased through 24 h. The levels of Oxo-PO 4 fluctuated after 3 h. In 0.5-5 mM As(V) exposures, the levels of Oxo-Gly (the only oxoarsenosugar detected during these incubations) barely changed over 6 h (Supplemental Fig. 2 ). Taken together, the analytical results obtained by HPLC/ICP-MS indicate that when 0.1 mM As(V) was added to C. reinhardtii CC-125 grown in As-free culture medium, cells were able to take up As(V) rapidly from the medium and mostly reduced incorporated As(V) to As(III) for 1 h. Subsequently, the cells probably excreted large amounts of intracellular As(III) and/or As(V) into the medium up to 24 h. In parallel with the possible excretion of inorganic As species, the cells biotransformed intracellular As(III) and/or As(V), mostly into DMA(V) and Oxo-Gly, along with small percentages of MA(V), Oxo-PO 4 , and U1. After 24 h, the cells finally contained DMA(V) and Oxo-Gly as the dominant As species.
A few reports raise the possibility that microalgae produce arsenosugars from incorporated inorganic As compounds in their cells. Koch et al. have reported that trace amounts of Oxo-Gly and Oxo-PO 4 and large amounts of As(III) and As(V) were detected in green algae obtained from hot springs, whose waters mostly contained As(III) and As(V), 5) indicating that green algae are capable of producing arsenosugars from As(III) or As(V). To test this possibility, several groups have performed physiological experiments with selected microalgae and have examined in detail the biotransformation of As by exposing algae to high concentrations of As(III) or As(V) and monitoring the As metabolites. Very few found oxo-arsenosugars. Indeed none of these studies aimed at determining short-term As metabolism. Production of oxo-arsenosugars after experimental exposure to As(V) for 4 or more d has been confirmed for some marine planktonic algae, including the diatoms (Bacillariophyta), C. concavicornis 11) and S. costatum, 1, 12) and the raphidophyte Heterosigma akashiwo 12) and the freshwater microalga Chlorella vulgaris.
16) C. concavicornis exposed to As(V) for 4 d contained Oxo-SO 4 as the predominant As metabolite. It also contained Oxo-PO 4 .
11) H. akashiwo cultured in seawater containing mostly As(V) for 2 weeks accumulated Oxo-PO 4 as a major water-soluble As compound, while S. costatum cultured under the same conditions accumulated Oxo-SO 4 as a dominant As compound along with small amounts of Oxo-Gly and Oxo-PO 4 and, occasionally, trimethylated arsenosugar. 12) Moreover, levels of Oxo-Gly and Oxo-SO 4 in S. costatum tended to increase with increasing As(V) concentrations in the culture medium.
1) A similar tendency was observed for C. concavicornis after exposure to As(V) for 4 d. 11) When C. vulgaris was exposed to As(V) for 7 d, As(V) occurred at the highest concentration, followed by Oxo-PO 4 .
16) As(III), Oxo-Gly, and Oxo-SO 3 (detected for the first time in a freshwater alga) were also present with a trace amount of DMA(V). In other Chlorella species (C. Böhm, C. kessleri, and C. 108) exposed to As(V) for !24 h, 99% of incorporated As(V) was present in the original form, and trace amounts of As(III), MA(V), and DMA(V) were also detected. 24) Cadmium (Cd) co-occurring in the culture medium influenced the biotransformation of incorporated As(V) in C. Böhm. One unknown As compound was detected only in algal cells grown in As(V)-and Cd-containing medium. Subsequent studies 5, 16) suggested that the unknown As compound might be Oxo-PO 4 , as judged from reported chromatographic data, implying that C. Böhm has the ability to biosynthesize Oxo-PO 4 from As(V). Similarly to these studies, our analytical results indicated that C. reinhardtii CC-125 exposed to 0.1 mM As(V) for 10 min to 24 h contained Oxo-Gly, together with Oxo-PO 4 , as described in our previous experiments, 6) in which algal cells were exposed to As(V) at the quite low concentration of 2.7 mM for 3 d.
The following abbreviated metabolic pathway has been suggested for the formation of arsenosugars in algae: [25] [26] [27] At the outset, As(V) is reduced to As(III) by reductases and is stepwise methylated in an oxidative methyl transfer from S-adenosyl-L-methionine (SAM) to DMA(V) under the control of methyltransferases. The production of arsenosugars is a subsequent step from the methylation of As(III). The DMA(V) produced and retained in the algal cells is thought to be reduced to dimethylarsinous acid, DMA(III), by reductase and then to be oxidized by the addition of the adenosyl group from SAM. This nucleoside, referred to as dimethylarsinyladenosine (Fig. 1) , then undergoes glycosidation to produce a range of arsenosugars. Cullen et al. found that methionine and SAM were methyl donors in the biological methylation of As(V) in Polyphysa peniculus, although whether SAM is the donor of an adenosyl group to DMA(III) was unclear.
28) Maeda also proposed a schema for the biotransformation of As in marine algae: As(III) is the first stable intermediate from As(V), followed by MA(V) and DMA(V). 26) However, when C. vulgaris was exposed to As(V) at concentrations ranging from 0.13 mM to 13 mM (1,000 mg As L À1 ) for 7 d, the intermediate species, including As(III) and DMA(V), did not accumulate in their cells to concentrations as high as those of the oxo-arsenosugars (Oxo-Gly, Oxo-PO 4 , and Oxo-SO 3 ). Notably, MA(V) appeared to be absent.
16) The absence of MA(V) as a water-soluble As metabolite has also been reported in P. peniculus after exposure to 12 or 130 mM As(V) for 7 d.
28) The presence of MA(V) as a minor water-soluble As metabolite was determined in C. Böhm after exposure to As(V) for 4-7 d. 24) These results indicate that all metabolic processes from As(V) to oxo-arsenosugars are rapid, and that the addition of the second methyl group to MA(V) takes place quickly or MA(V) is rapidly excreted. However, in previous studies using a marine or freshwater microalga as a model organism, aqueous extract samples subjected to As speciation analyses have usually been prepared from algal cells after longterm incubation with As(V) for several days to 2 weeks. 11, 12, 16, 24, 28) Thus, detailed metabolic processes of incorporated As (V) have not yet been demonstrated experimentally. In contrast, the present study performed short-term experiments, up to 24 h, and demonstrated the detailed metabolic processes of incorporated As(V) in algal cells. After the addition of As(V) to the culture medium at a concentration of 0.1 mM, As(III) was the dominant As species, and the second most abundant species was As(V) after 10 min (Fig. 6 ). In addition, relatively small amounts of MA(V), DMA(V), and OxoGly were also detected. After 3 h, Oxo-PO 4 was often found to be present at low concentrations. The levels of As(III) and As(V) increased rapidly for 1 h, while that of MA(V) rapidly increased for 30 min (Fig. 7a) , after which it gradually decreased up to 24 h (Fig. 7b) . Moreover, the levels of DMA(V) and Oxo-Gly increased almost linearly with time through 24 h (Fig. 7b) . These results suggest that the following biotransformation of As(V) into oxo-arsenosugars takes place in C. reinhardtii CC-125 cells for at least 10 min after the addition of As(V) to the medium. At first, incorporated As(V) can be methylated to DMA(V) via MA(V). This might be a stepwise process involving rapid reduction of pentavalent As species, such as As(V) and MA(V), catalyzed by reductases and oxidative methyl transfer from SAM. SAM is a probable source of methyl and adenosyl groups to trivalent As species such as As(III) and methylarsonous acid, MA(III), under the control of methyltransferases. Further methylation of DMA(V) to TMAO does not occur. Instead, DMA(V) might be reduced to DMA(III) and the adenosyl group of SAM then transferred to the As atom of DMA(III) to produce the key intermediate, dimethylarsinyladenosine. Finally, dimethylarsinyladenosine undergoes glycosidation with available algal metabolites to give Oxo-Gly. Oxo-PO 4 is produced later, possibly because Oxo-Gly might act as a precursor to Oxo-PO 4 . Future detailed studies of the genes encoding metabolic enzymes relevant to these reactions using C. reinhardtii as a useful model organism (with a known complete genome sequence) should provide additional information on the metabolic processes of incorporated As(V) and the functions of the methylation of inorganic As compounds and the production of oxo-arsenosugars.
